Abstract: An ash-rich volcaniclastic sandstone immediately underlying dinosaur-rich material from the Danek Bonebed in the Horseshoe Canyon Formation (HCF), Edmonton, Alberta, Canada, contains accessory zircon, which have been dated employing U-Pb geochronology. Both laser-ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) and chemical abrasion isotope dilution thermal ionization mass spectrometry (ID-TIMS) U-Pb analyses have been conducted. The zircon age distributions are complex with U-Pb dates ranging from Precambrian to Cretaceous. We consider the youngest ID-TIMS 206 Pb/ 238 U date of 71.923 ± 0.068 Ma as the maximum deposition age of the ash-rich sandstone, placing the overlying Danek bonebed in the early Maastrichtian. This age is compatible with the paleontological assemblage from the Danek Bonebed and the regional stratigraphy. The zircon age distribution also implies that the HCF had a complex provenance of the detritus with some Archean and Proterozoic zircons, a group of Mesozoic, and a large compliment of Cretaceous grains. The results highlight the importance of high precision geochronology in constraining the age of important fossil deposits such as the Danek Bonebed. 
Introduction
The Danek Bonebed (hereafter DBB) in Edmonton, Alberta, is a Late Cretaceous paleontological locality that yielded important information on dinosaur behavior, evolution, and ecology. However, until now an explicit geochronological framework for the locality has been lacking. Stratigraphically, the DBB occurs within the Horseshoe Canyon Formation (HCF, Campanian to Early Maastrichtian) that is part of the Edmonton Group within the Western Canadian Sedimentary Basin (Fig. 1; Nadon 1988; Hamblin 2004; Yang 2011; Eberth and Braman 2012; Eberth et al. 2013) . The numerical age of the HCF is currently constrained by bio-and magnetostratigraphy, which place it between magnetochrons 33n and 30n, that is, ϳ74-69 Ma ( Fig. 1 ; Lerbekmo and Braman, 2002; Husson et al. 2011) . Sanidine from a single bentonite just above an Edmontosaurus regalis fossil-bearing sandstone from the Wapitit Formation (Middle HCF) near Grand Prairie has been dated by the 40 Ar/ 39 Ar method to 72.58 ± 0.09 Ma (see Eberth and Bell 2014) . The uppermost tuff (i.e., the Kneehills Tuff) in the HFC has yielded sanidine and biotite K-Ar dates between 66 and 68 Ma (Hamblin 2004 ). The DBB is also considered to be stratigraphically below a maximum flooding surface within the HCF that has been shown to post-date the Campanian-Maastrichtian Boundary in the Drumhellar region (70.6 Ma; Ogg et al. 2004; Eberth and Bell 2014) .
Considering the paleontological importance of the DBB, we provide here additional constraints on the numerical age of the fossiliferous deposits with zircon U-Pb geochronology.
Sample description
At the fossil site in Edmonton, an ash-rich volcaniclastic sandstone occurs ϳ30 cm beneath the fossiliferous horizon (Fig. 2) . The volcaniclastic material, therefore, has potential to provide precise constraints on the age of the overlying fossil material. In May 2013, the composite section was cored using a motor-driven Eijkelkamp RD32 (Giesbeek, the Netherlands) percussion drilling apparatus designed for recovering heterogeneous soil samples without compaction. Core barrels of 67 mm internal diameter and 100 cm length were used, and sectioned longitudinally by a rock saw. The composite core lithology is shown in Fig. 2 , including the penetration of the epiphysis of a Hadrosaurian femur. The underlying volcaniclastic sandstone contains weathered ash particles showing incipient in situ phyllosilicate growth (Fig. 2) . The uppermost 4 cm plug of ash-rich sandstone was removed from the working core's half for accessory mineral separation using standard crushing, sieving, and heavy-liquid techniques. The U-Pb data presented here combine initial results from reconnaissance LA-ICP-MS and ID-TIMS analyses.
The mineralogy of the sample is dominated by sanidine, quartz, calcite, albite, and montmorillonite, with traces of magnetite, pyrite, ilmenite, biotite, apatite, zircon, and rutile. This mineralogy is typical of tephras from the upper HCF (Fanti 2009 ). Zircons have multiple morphologies (round to acicular) and colors (clear to pink). Many of the acicular crystals contain small apatite and (or) elongated melt inclusions typical for volcanic zircons. Only prismatic crystals were selected for ID-TIMS dating, whereas zircons with various morphologies were selected for LA-ICP-MS analyses. No inherited cores were identified in cathodoluminescence images of the zircons.
Analytical methods

Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS)
To assess the overall age distribution of the zircons, reconnaissance U-Pb geochronology was conducted using LA-ICP-MS on a sub-sample of the Danek ash zircons prior to ID-TIMS. LA-ICP-MS analyses were conducted at the Radiogenic Isotope Facility at the University of Alberta. A detailed description of the analytical procedure is provided in Simonetti et al. (2005) ; an overview is provided here. All data were collected using a Nu Plasma I multi-collector ICP-MS attached to a New Wave Research UP 213 Nd:YAG laser ablation system with an operating wavelength of 213 nm. The zircons were ablated using a 40 diameter laser beam with an energy density of 3 mJ/cm and a repetition rate of 10 Hz. The ablated zircon material was mixed with a Tl solution in a desolvating nebulization system and transported via a He sweep gas to the torch of the ICP-MS for ionization in an Ar plasma. Each analysis consisted of a 4 s laser warm up, a pre-ablation pass, plus 3 s magnet settling time, and 30 × 1 s integrations of data collection plus additional delays between each integration for a total duty cycle of approximately 70 s. Lead isotope ratios were corrected for mass bias using an exponential law and assuming a 205 Tl/ 203 Tl of 2.3871, while U/Pb fractionation and instrument drift was accounted for using a sample-standard bracketing technique; an in-house zircon standard (LH94-15, Ashton et al. 1999 ) was analyzed once per 10 unknowns. All Danek LA-ICP-MS zircon ages are reported as 206 Pb/ 238 U dates and are not corrected for the presence of initial common Pb (see supplementary data, Table S1 2 ).
Chemical abrasion isotope dilution thermal ionization mass spectrometry (ID-TIMS)
Sixteen long-prismatic zircons were selected for U-Pb ID-TIMS analysis at the University of Geneva following the techniques described in Wotzlaw et al. (2013) . Prior to dissolution all grains were annealed at 900°C for 48 h in a muffle furnace. Subsequently, individual crystals were rinsed in 3 mol/L HNO 3 and loaded into 200 L Savillex microcapsules for chemical abrasion in HF and trace HNO 3 at 180°C for ϳ13 h in Parr bombs (Mattinson 2005) . After chemical abrasion, the crystals were transferred into 3 mL Savillex beakers and fluxed for several hours in 6 mol/L HCl and then ultrasonically cleaned in water and 3 mol/L HNO 3 . Single crystals were reloaded into 200 L Savillex microcapsules with ϳ70 L of HF and trace HNO 3 and were spiked with ϳ5 mg of the EARTHTIME 202 Pb-205 Pb-233 U-235 U tracer solution (Condon et al. 2007 ). The microcapsules were placed in Parr bombs and the zircons were dissolved at 210°C for 48 h. After dissolution, the solutions were dried down and re-dissolved overnight in 6 mol/L HCl at 180°C, dried down again and re-dissolved in 3 mol/L HCl. U and Pb were extracted from the samples using a modified version of the Krogh (1973) HCl-based single column anion exchange chemistry. The separated U-Pb fractions were dried down with 0.02 mol/L H 3 PO 4 and loaded onto outgassed rhenium filaments with a Si-Gel emitter (modified from Gerstenberger and Haase 1997). The U and Pb isotopic measurements were conducted on a Thermo TRITON thermal ionization mass spectrometer. Pb measurements were conducted in dynamic mode using a MasCom secondary electron multiplier (SEM) and were corrected for fractionation using a 202 2006) on mass 202 were monitored by measuring mass 201 during all Pb measurements, and they were found to account for < 1 cps of our 202 signal. We therefore considered BaPO 4 interferences to be insignificant and did not apply any correction. U was measured as an oxide either using a static Faraday routine with amplifiers equipped with 10 12 ⍀ resistors or, when the intensity was below ϳ5 mV, employing a dynamic routine on the SEM. The isotopic ratios were corrected for isobaric interferences of 233 U 18 O 16 O on 235 U 16 O 2 using an 18 O/ 16 O of 0.00205 and for mass fractionation using a ratio of 0.99506 for 233 U/ 235 U. All common Pb in the analyses was assigned to the procedural blank (see Table S2 ). All U-Pb ratios and dates were calculated relative to a 235 U/ 205 Pb of 100.23 ± 0.023% (1), and the data were reduced using U-Pb Redux and Tripoli software ) employing the algorithms of McLean et al. (2011) . Uncertainties are reported at the 95% confidence level and exclude systematic uncertainties associated with the tracer calibration and decay constants unless stated otherwise.
Results and discussion
The exploratory U-Pb LA-ICP-MS study indicates a polymodal age distribution in the zircon population underlying the DBB. Out of the 99 zircons analyzed, 14 produced Precambrian crystallization ages, with the remaining 85 yielding Mesozoic ages (supplementary data, Table S1 2 ). A probability density function of the dates indicates that the Mesozoic zircons fall into three or four subpopulations, with five zircons producing Triassic ages, a small population producing late Jurassic ages of ϳ150 Ma, a population at ϳ100 Ma, and a dominant population at ϳ70 Ma (Fig. 3) . The weighted mean date of the youngest population of statistically equivalent LA-ICP-MS zircon 206 Pb/ 238 U dates is 71.32 ± 0.78 Ma (n = 55; MSWD = 1.5). No relationship between zircon morphology and age was identified, apart from the Precambrian grains, which were typically well rounded.
ID-TIMS dating was only performed on acicular euhedral prismatic grains and produced U-Pb results that mimic the distribution of the LA-ICP-MS results (Fig. 3) , but the significantly higher precision of the ID-TIMS dates allows the identification of finerscale age variations within the youngest zircon population ( Fig. 3 ; Table S2 ). While the ID-TIMS dataset also includes some ϳ100-150 Ma zircons similar to those found in our LA-ICP-MS dataset, the ID-TIMS dates distinguish several subpopulations of ϳ72-78 Ma zircons ( Fig. 3 ; Table S2 ). The high-precision ID-TIMS dataset, however, did not yield a population of statistically equivalent single crystal dates that would justify the calculation of a weighted mean date, but the youngest two dates overlap within their uncertainties and are indistinguishable from the weighted mean date of the youngest population in the LA-ICPMS dataset. We, therefore, consider the youngest precise ID-TIMS date of 71.923 ± 0.068 Ma as the best estimate for the deposition age of the ash-rich sandstone and maximum age for the DBB.
The large age variations revealed by our LA-ICPMS and ID-TIMS U-Pb datasets clearly exceeds that expected from prolonged pre-eruption zircon crystallization and magmatic recycling (e.g., Bindeman et al. 2007; Schmitt et al. 2010; Wotzlaw et al. 2013 ) and instead requires sedimentary recycling and mixing of primary volcanogenic and detrital material. Previous provenance studies for the upper units in the WCSB have shown that the sediment originates dominantly from the Cordillera (Eberth and Hamblin 1993; Fanti 2009 ). The zircon U-Pb results here suggest that the provenance history of the HCF may be more complicated due to the presence of Precambrian (Proterozoic and Archean) zircon material. The closest rocks of this age are either in the Alberta basement, located ϳ2 km below the HCF, or to the north of Alberta in the Slave craton (Ross and Eaton 1999; Isachsen and Bowring 1994) . Recent detrital zircon studies from northeastern Alberta and across the southeastern United States has identified a northerly-northwesterly component to the paleo-drainage for Albertan Cretaceous sediments, with Precambrian zircons either originating from the Trans-Hudson orogenic belt/Superior craton to the east or the Wyoming craton to the south (Blum and Pecha 2014) . The zircon ages presented here are consistent with a northerly-northwesterly paleo-drainage combined with a Cordilleran volcanic component.
Summary
We here provide the first direct numerical constraints on the age of the Danek Bonebed, Edmonton, Alberta. An ash-rich volcaniclastic sandstone directly underlying the fossiliferous strata was recovered from a drillcore that penetrated a Hadrosaurian femur. LA-ICPMS and CA-ID-TIMS U-Pb geochronology of zircons from this volcaniclastic sandstone reveal a complex age distribution that reflects mixing of primary volcanic and recycled detrital material. The detrital zircons include about 15% Archean to Mesoproterozoic grains, about 30% Mesozoic grains, and 50% Late Cretaceous grains. The crystallization age of the youngest dated zircon constrains the maximum deposition age of the Danek Bonebed to 71.923 ± 0.068 Ma. This age estimate is consistent with previous stratigraphic age estimates.
